Background: Lactate, acetate, and gluconate are anions used in balanced resuscitation fluids, of which lactate and acetate are considered bicarbonate precursors. This study investigated the role of the liver in the ability of balanced and unbalanced solutions to correct acid-base alterations and renal haemodynamics and microvascular oxygenation in a rat model of resuscitated haemorrhagic shock. Methods: Ringer's lactate, Ringer's acetate, PlasmaLyte, or normal saline were administered following haemorrhagic shock in the presence or absence of a 70% partial liver resection. Renal haemodynamics and microvascular oxygenation (by oxygen-dependent quenching of phosphorescence) were measured as well as concentrations of lactate, gluconate, and acetate in plasma and urine. Kidney wet and dry weight was also assessed. Results: Partial liver resection resulted in increased liver enzymes compared with control and shock groups (P < 0.01). Haemorrhagic shock decreased systemic and renal perfusion and reduced microvascular kidney oxygenation with lactic acidosis (P < 0.01). Resuscitation with balanced fluids did not fully restore renal oxygenation (P < 0.01). Ringer's acetate and PlasmaLyte increased bicarbonate content and restored pH better than Ringer's lactate or saline after partial liver resection (P < 0.01). Liver resection caused an increase in plasma gluconate after PlasmaLyte resuscitation (P < 0.05). Conclusions: Acetate-buffered balanced fluids show superior buffering effects compared with Ringer's lactate or saline. Gluconate is partially metabolized by the liver, although it does not contribute to acid-base control because of its excretion in urine. Acetate is metabolized regardless of liver function and may be the most efficient bicarbonate precursor. Lactate infusion tends to overwhelm the metabolism capacity of the residual liver.
Current evidence suggests that the type of fluid used for resuscitation, particularly colloids, may lead to unfavourable outcomes or have no effect compared with normal saline. [1] [2] [3] [4] [5] Several studies have demonstrated that balanced fluids are commonly used for volume expansion in critically ill patients. [6] [7] [8] This has led to increased attention towards the role of crystalloids and the effects of their different composition. 9 10 Fluid preparation may be based on a simple, non-buffered salt solution, such as normal saline, or be balanced with anion substitutes, such as maleate, gluconate, lactate, or acetate, of which the latter two are considered bicarbonate precursors. PlasmaLyte (Baxter Healthcare, Deerfield, IL, USA) is a crystalloid fluid containing two weak anions-acetate and gluconate-and is engineered to closely mimic the plasma electrolyte content while not altering its osmolality. 11 However, the role of gluconate in terms of acidbase control is unknown.
There is a growing body of evidence indicating that balanced fluids improve the acid-base status and preserve a strong ion difference. 12 The purpose of using these solutions is based on two principles: (i) reducing the chloride content and its detrimental effects, 13 while providing a plasma-like ionic content, and (ii) increasing bicarbonate content and pH by metabolism of bicarbonate precursors. 14 It is commonly accepted that these precursors are mainly metabolized in the liver. 15 16 To our knowledge there is little information on the contribution of liver function to acid-base control during fluid-balanced resuscitation for haemorrhagic shock. What is unclear and not well described is the metabolic fate of such components during shock states associated with compromised liver function and the degree to which other organ beds are effective in metabolizing these precursors to produce bicarbonate and correct acidbase alterations. 9 Although it is generally assumed that lactate is primarily metabolized in the liver in case of shock, the acetate is metabolized in other organs. 17 We hypothesized that acetatebased resuscitation fluids would have a superior buffering effect than non-acetate-based fluids in the presence of liver dysfunction.
To this end we assessed the buffering effect of three commonly used balanced fluids-Ringer's lactate (RL), Ringer's acetate (RA) and PlasmaLyte (RA-Glu/Mg) (supplementary Table  1 )-in a relevant model of fixed-pressure haemorrhagic shock. In the first part of the study we aimed to determine the role of the liver in the metabolism of these buffers. To accomplish this, an $70% partial liver resection (PLR) was performed to reduce the capacity of the liver to metabolize these precursors. In addition, we studied the fate of gluconate in these models. Second, we investigated the extent to which each type of fluid is effective in improving acid-base status and tissue oxygenation, which can be considered the primary goals of fluid resuscitation in states of shock. We focused on the kidney because it is considered to be the organ most at risk during states of shock and fluid overuse.
Material and methods

Animals
All experiments in this study were approved by the Animal Research Committee of the Academic Medical Centre of the University of Amsterdam (DFL 102919) and followed relevant aspects of the Animal Research: Reporting of In Vivo Experiments guidelines. The care and handling of the animals were in accordance with the guidelines from the Institutional and Animal Care and Use Committees. A total of 75 rats were needed in these experiments (n ¼ 6 per group), including 3 animals for setting up the PLR model. Experiments were performed on male Sprague-Dawley rats (Harlan Netherlands), age 10 (SD 2) weeks with a mean body weight of 330 (SD 20) g.
Surgical preparation
The rats were anaesthetized with an intraperitoneal injection of a mixture of 100 mg kg À1 ketamine (Nimatek; Eurovet, Bladel,
The Netherlands), 0.5 mg kg À1 medetomidine (Domitor; Pfizer, New York, NY, USA) and 0.05 mg kg À1 atropine sulphate (Centrafarm, Etten-Leur, The Netherlands) and maintained with 50 mg kg À1 ketamine at a dose of 5 ml kg À1 h À1 . Adequate anaesthesia was ascertained by pedal withdrawal response to a nociceptive stimulus and physiological observations. After tracheostomy, the animals were mechanically ventilated with 40% of inspired oxygen. A heating pad under the animal allowed the body temperature to be controlled and maintained at 37 (SD 0.5) C. The end tidal P CO2 was maintained between 4 and 4.7 kPa. The right carotid (pressure) and femoral (for blood shedding and samples) arteries and jugular (anaesthesia) and femoral (fluid resuscitation) veins were cannulated with polyethylene catheters (outer diameter ¼ 0.9 mm; Braun, Melsungen, Germany). For fluid maintenance during surgery, 0.9% NaCl (Baxter, Utrecht, The Netherlands) at a rate of 10 ml kg À1 h À1 was administered. For liver resection, a 70% partial liver resection (PLR) was achieved by ligature of branches of the hepatic artery and portal vein using 3/0 silk thread and resecting two lobes of the liver after a midline laparotomy. The left kidney was exposed, decapsulated and immobilized in a Lucite kidney cup (K. Effenberger, Pfaffingen, Germany) via a 4 cm incision in the left flank. Renal vessels were carefully separated to preserve the nerves and adrenal gland. An ultrasonic flow probe was placed around the left renal artery (type 0.7 RB; Transonic Systems, Ithaca, NY, USA) and connected to a flow meter (T206; Transonic Systems) to continuously measure renal blood flow (RBF). The left ureter was isolated, ligated and cannulated with a polyethylene catheter for urine collection.
After the surgical procedure (approximately 60 min), one optical fibre was placed above the decapsulated kidney and another one above the renal vein to measure oxygenation using a phosphorescence lifetime technique. 18 A small piece of aluminium foil was placed on the dorsal side of the renal vein to prevent the contribution of the underlying tissue toward the phosphorescence signal in the venous P O2 measurement. Oxyphor G2
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(a two-layer glutamate dendrimer of tetra-(4-carboxy-phenyl) benzoporphyrin; Oxygen Enterprises, Philadelphia, PA, USA) was subsequently infused (6 mg kg À1 i.v. over 5 min), followed by a 30-min stabilization period. The surgical field was covered with a humidified gauze compress throughout the experiment to prevent drying of the exposed tissue.
Experimental protocol
After a stabilization period, the animals were bled from the left femoral artery catheter at a rate of 1 ml min À1 using a syringe pump (Harvard 33 syringe pump; Harvard Apparatus, South Natick, MA, USA) until reaching a mean arterial pressure (MAP) of 30 mmHg. This was maintained for 1 h by reinfusing or withdrawing blood. Coagulation of the shed blood was prevented by adding 200 UI of heparin in the syringe. The animals were then randomized into 1 of 12 groups, using pre-sealed envelopes containing allocations: 4 groups for a 60-min fluid resuscitation process using RL, RA, RA-Glu/Mg or 0.9% NaCl (saline) until a target MAP of 65 mmHg was reached, haemorrhagic shock (HS) group, and control group, with and without PLR. The fluid infused was prepared in advance and the technician was blinded to the fluid type. However, only one technician performed the experiments and therefore the blinding was only partial. Each group included six animals. The resuscitation fluid was infused at a rate of 0.5 ml min À1 . Measurements were made at baseline (BL), 60 min after initiation of haemorrhagic shock (Shock), and at the end of the experiment, which was 60 min after starting resuscitation (R60). After experimentation, rats were killed by i.v. injection of a bolus dose of 100 mg kg À1 Euthasol 20%. The right kidney, the heart, and the brain were harvested to determine their water content using the wet/dry weighing technique (held at 100 C for 24 h) and calculated as follows: [(wet tissue weight À dry tissue weight)/wet tissue weight]/100.
Blood gas measurements, acid-base balance, and osmolality
Arterial blood samples (0.2 ml) were taken at five separate time points. Arterial blood gas parameters were determined using a blood gas analyser (ABL505 Flex, Radiometer, Copenhagen, Denmark), and haemoglobin concentration (Hb), haemoglobin oxygen saturation, base excess (BE) and the concentrations of sodium and chloride were measured. Plasma creatinine, chloride, potassium content, aspartate transaminase (AST), urine creatinine, and urine Na þ (U Na ) samples were measured using an automatic analyser (Roche Modular P800 automatic analyser, Roche Diagnostics, Basel, Switzerland) at the end of the experiment. The osmolality of the plasma was determined using the freezing point method with an osmotic pressure meter (OSMOSTATION, OM-6050; Arkray Europe, Amstelveen, The Netherlands) at the end of the experiment.
Measurement of renal microvascular and venous oxygenation
Renal microvascular P O2 (mPO 2 ) and renal venous P O2 (P rv O 2 ) were measured by oxygen-dependent quenching of phosphorescence lifetimes of the systemically infused albumin-targeted (and therefore circulation-confined) phosphorescent dye Oxyphor G2, as described elsewhere. 18 The saturation of renal venous blood (S rvO2 ) was determined by Hill's equation with an n coefficient of 2.3.
Calculation of oxygenation parameters and vascular resistance
Renal oxygen delivery was calculated as DO 2ren (ml min 
Assessment of kidney function
The glomerular filtration rate was estimated with the calculation of creatinine clearance (Cl clear ): Cl clear ¼ (U crea Â V)/P crea , where U crea is the concentration of creatinine in urine, V is the urine volume per unit time, and P crea is the concentration of creatinine in plasma. All urine samples were analysed for sodium concentration [Na þ ]. In addition, the fractional excretion of Na þ [FE Na (%)] was calculated and used as a marker of tubular function using the following formula: Measurements of lactate, gluconate, and acetate in plasma and urine Plasma and urine lactate concentrations were determined by test strips (EDGE Handheld Lactate Analyser, Red Med, Poland). The D-Gluconate/D-Glucono-d-lactone assay kit (detection limit 0.5 mg/L) and acetic acid assay kit (detection limit 0.14 mg/L) (Megazyme International Ireland, Bray Business Park, Bray, Co. Wicklow, Ireland) were used to determine the plasma urine gluconate and acetate concentrations. Briefly, this is based on an enzymatic ultraviolet (spectrophotometric at 340 nm) method using two enzymes, gluconate kinase and gluconate-6-phosphate dehydrogenase.
Statistical analysis
Statistical analysis was performed using GraphPad Prism version 6.1 for Windows (GraphPad Software, La Jolla, CA, USA). Normally distributed data are reported as mean (SD) and nonparametric data are presented as median, interquartile range (IQR), and full range. Data were analysed using either analysis of variance or Kruskal-Wallis for repeated measurements, with post hoc testing using Bonferroni's test as appropriate. A P-value <0.01 was considered significant. We deliberately chose an a level of 0.01 to emphasize the significance of the results.
Results
Systemic and renal haemodynamics ( Table 1 ) and all the other parameters were similar in the PLR group and the control group at baseline ( Table 2 ). The PLR procedure resulted in a significant increase in the liver AST enzyme compared with the control and HS groups (P < 0.01) even in the resuscitated groups ( Supplementary Fig. 1 ).
Haemorrhagic shock in both experiments (with and without PLR) induced significant decreases in MAP, RBF ( Supplementary Fig. 2 ) (P < 0.01). Haemorrhage resulted in increased concentrations of lactate with a higher anion gap (P < 0.01) ( Table 2 and Fig. 1 ). The level of lactate was similar at Buffered fluids in haemorrhagic shock with impaired liver | 523 shock between the two experiments. During haemorrhage, all rats had anuria. The targeted MAP of 65 mmHg was achieved in both experiments after fluid resuscitation, regardless of the fluid used. The amounts of fluid required to achieve the targeted MAP were 28.5 (SD 5.9) ml for RL, 36.3 (SD 5.1) ml for RA, 44.7 (SD 10.4) ml for RAGlu/Mg, and 28.0 (SD 8.8) ml for saline in the group without PLR. In the group with PLR, the amounts were 38.2 (SD 6.5) ml for RL, 45.9 (SD 9.3) ml for RA, 51.5 (SD 11.4) ml for RA-Glu/Mg, and 35 (SD 10.9) ml for saline. The volume of RA-Glu/Mg infused was significantly greater in both groups compared with the volumes of saline and RL (P < 0.01).
Concentrations of bicarbonate precursors and acid-base status after fluid resuscitation
The lactate and gluconate concentrations in plasma at the end of both experiments are shown in Figures 1 and 2 . The acetate level was not detectable in the plasma because the level was below the threshold. Fluid resuscitation with either RA, RA-Glu/ Mg, or normal saline was effective in reducing lactate concentrations in experiments without PLR, but such a reduction was not achieved when RL was infused (P < 0.01). In the PLR experiment, the level of lactate in urine was higher in the RL group (P < 0.01) (Supplementary Fig. 3 ). Gluconate was excreted in a similar manner in urine in the two experiments (Fig. 2) . However, the plasma gluconate level was higher in the PLR group (P ¼ 0.03). No significant change in acetate excretion was observed. Acetate-based fluid resuscitation led to pH and bicarbonate concentrations similar to those of the control group and increased bicarbonate concentrations more than RL or normal saline in the PLR experiment (P < 0.01) ( Table 2 ). The normal saline group in both experiments had the worst acid-base status (P < 0.01). Pa CO2 did not change across experiments (Supplementary Table 2 ).
Renal oxygenation and function
ClP O2 and MlP O2 decreased during the haemorrhagic phase to $2.7 and $1.9 kPa (20 and $14 mmHg), respectively. Overall, fluid resuscitation did not restore renal oxygenation to baseline (P < 0.01) (Supplementary Fig. 2 ). DO 2ren also remained significantly lower than that of the control group (P < 0.01) at the end of all experiments.
Renal function, as represented by FE Na and creatinine clearance (Cl creat ), is shown in Table 3 . There was no difference relative to the control group in the PLR experiment. FE Na increased significantly in all groups after fluid resuscitation (P < 0.01) by the end of the experiment.
Fluid resuscitation resulted in increases in water content and tissue oedema in the kidney from 78.1% (SD 0.4) for the control group to 81.1% (SD 0.6), 81.1% (SD 1.2), 82.1% (SD 0.6), and 82.1% (SD 0.7) for the RL, RA, RA-Glu/Mg, and saline groups, respectively, in the experiment without PLR (P < 0.0.01). The same was observed in rats with liver resection (P < 0.01). Finally, the plasma osmolality was higher only in the RA-Glu/Mg group with PLR (P < 0.01).
Discussion
The main results of our study were that acetate-balanced resuscitation fluids had significantly improved buffering capacity in HS, haemorrhagic shock; PLR, partial liver resection; RL, Ringer's lactate; RA, Ringer's acetate; Ra-Glu/Mg, PlasmaLyte the presence or absence of liver impairment. Ringer's lactate was also effective in correcting the acid-base status, but to a lesser degree. Normal saline was the least effective fluid regarding acid-base control. Second, our study showed an increased plasma level of gluconate in the presence of liver failure (PLR), suggesting that this portion is actually metabolized by the liver while the other part potentially remains in the vascular system. 19 In this respect, two recent studies have confirmed that gluconate is metabolized through gluconokinase in the human liver into 6-phosphogluconate, which could then be further degraded through the hexose monophosphate shunt via 6-phosphogluconate dehydrogenase. [20] [21] Although our results did not indicate an increase in gluconate excretion by the kidney after PLR, a large amount of gluconate was excreted in urine, as previously observed. [22] [23] Two separate experimental studies showed no increase in the pH value after an infusion of gluconate. [24] [25] This suggests that gluconate is not relevant for the generation of bicarbonate. Therefore, the 'anti-acidotic' effect of RA-Glu/Mg might not be due to gluconate, but rather attributed to acetate. Acetate was metabolized effectively in this study, regardless of liver failure or severe shock. This confirms that acetate is metabolized elsewhere or that limited hepatic function is sufficient to support bicarbonate generation. Acetate can be metabolized in several extrahepatic tissues, including the muscles, brain, myocardium, and renal cortex, because they all have the required enzymes.
1517 Therefore, acetate is subject to less accumulation in states of shock with impaired liver function.
However, there are inconsistent results regarding the buffering capacity of acetate-balanced fluids. In addition, an in vitro study revealed that the buffering capacity of these fluids was weak compared with human or animal plasma. 26 Fluid resuscitation with RA-Glu/Mg yielded a buffering effect similar to RL but a lower survival rate following fatal haemorrhage in swine. 27 In a randomized clinical trial comparing RA-Glu/Mg and RL during living donor right hepatectomy, a small improvement in base excess was noted without a change in pH. 28 Weinberg and colleagues 29 observed less hyperchloraemia and hyperlactataemia, but also with no change in pH or base excess after infusion of RA-Glu/Mg compared with normal saline in patients with major liver resection. In contrast, two studies in trauma patients and in the perioperative setting provided evidence of an improved acid-base status using RA-Glu/Mg. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] As expected, lactate concentrations increased during haemorrhagic shock. Measured lactate concentrations were influenced by the additional lactate supplied by resuscitation with RL. In addition, PLR reduced the capacity of lactate to be metabolized, as shown by the trend increase in urine lactate. It may have a negative impact on the acid-base balance when it accumulates. Nevertheless, RL was superior to normal saline in terms of correcting the acid-base status, even in the presence of liver failure. This result was consistent with the literature. 31 The issue about the choice of anions in resuscitation fluids has been central to the debate regarding the choice of fluids and has mainly focused on the use of chloride as the conventional anion in the routine use of 0.9% NaCl. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] The reason for the controversy is dilutional acidosis being caused by excessive amounts of chloride administration during fluid resuscitation. The effect of this procedure results in acidosis not being corrected and possibly metabolic acidosis becoming dilutional acidosis, causing confusion as to the origin of the acid-base disturbance. On the other hand, acidosis in itself can have unwanted effects, such as renal vasoconstriction, and this can cause deleterious effects, especially in the kidney. For these reasons, balanced salt solutions based on either acetate or lactate have been advocated because these anions can function as bicarbonate precursors. 9 Finally, the importance of the ability of clinicians to interpret the acidosis as being metabolic in origin allows its use as a surrogate for tissue oxygenation and is of additional importance for understanding the contribution of various anions to acid-base chemistry in a physiological setting such as we chose for this study. All fluids improved systemic and renal haemodynamics after reaching the targeted MAP but failed to restore renal oxygenation, as shown previously. 33 The ineffectiveness of the correction of renal oxygenation resides in the fact that these non-oxygen-carrying fluids only marginally transport oxygen to the tissues. [33] [34] The differences between balanced solutions and normal saline for fluid were found to exist mainly in the acid-base imbalance. Because normal saline produced a large amount of chloride-induced acid-base alteration, it could blunt the benefits of fluid resuscitation, as seen by its lack of efficacy in improving pH levels. While tissue oxygenation might be partially restored with efficient lactate clearance, the existence of a low pH and a low bicarbonate level may invite a further unrequired administration of fluid. This will contribute to increasing the plasma level of chloride, prevent metabolic acidosis from being corrected, and increase the fluid load. However, in a large clinical trial including intensive care unit patients, Young and colleagues 5 did not demonstrate beneficial outcomes of RA-Glu/Mg compared with normal saline, especially in the kidney. Significantly more fluid was required to achieve a MAP of 65 mmHg when using acetate-containing fluids. Acetate can cause vasodilatation, which is presumably mediated by the release of adenosine from tissues, [35] [36] and this may require additional fluid. Moreover, magnesium present in RA-Glu/Mg may also induce vasodilatation, 37 and the combined action of both acetate and magnesium may decrease systemic resistance. However, it is unknown whether this amount of magnesium (3 mmol/L) can induce such vasodilatation, even though the magnesium concentration is increased. 29 Regarding the limitations, we did not assess true liver function with an indocyanin green test and 70% PLR might not be sufficient to induce significant liver failure. However, in a pilot study, the animals did not survive larger resection. Although unlikely to have a clinical impact, we might have missed a change in plasma acetate concentrations, already low (0.06-0.2 mmol L À1 ), 15 because it remained below the detection threshold of our assay. We chose to administer 0.9% saline for fluid maintenance during liver surgery because we sought to evaluate the effect of anion buffers after PLR and HS and obtain the same acid-base status at baseline (after PLR) in all animals. The infusion of normal saline was of a similar amount in the different interventions in both experiments. By infusing the study fluid from the start of the surgery, baseline values recorded before haemorrhage might have differed significantly. Finally, although probably low, we cannot precisely state how much the gluconate accounted for the buffering effect during resuscitation.
Conclusion
In cases of haemorrhagic shock with liver failure, the subsequent accumulation of lactate dampened the buffering effect of RL. Acetate and the combination of acetate and gluconate appeared to be metabolized efficiently in this experimental study. Because of the large amount of gluconate excreted in an unchanged form, this anion may not contribute to the buffering effect. Normal saline seemed to be the most unsuitable fluid when compared with balanced fluids, even in cases of liver failure.
